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a  b  s  t r  a  c  t
Uniform,  openly  porous  Al2TiO5, with  a  narrow  pore-size  distribution  was  prepared  by  reactive  sintering.
The  effect  of  different  starting  powders,  commercially  available  -Al2O3, -Al2O3, TiO2 anatase,  and  TiO2
rutile  powders,  used  as the  starting  materials,  is  discussed.  Four  combinations  of  Al2O3 and  TiO2 mixed
powders  were  reactively  sintered  at 1300–1500 ◦C for  2 h in air. The  sample,  made  from  the  -Al2O3/TiO2
rutile  powder  sintered  at 1350 ◦C,  had a narrow  pore-size  distribution  at 0.8  m,  moderate  fracture
strength  and  low  thermal  expansion  which  were  favorable  for recyclable  household  water-puriﬁcationeywords:
l2TiO5
seudobrookite
ore-size distribution
ousehold water treatment
oint-of-use
ﬁlters.
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composites [5–7]) were originally developed for hot-gas ﬁltration
purposes, and had uniform open pores with very narrow pore-size
distribution, ∼1 m in diameter. At that time, it was imagined thatilter application
. Introduction
Simple and very low-cost technologies for drinking water
uriﬁcation have been intensively studied along with increas-
ng population and environmental problems. Dangerous shortage
f safe drinking water is a crucial problem in poor commu-
ities of developing countries; household water treatment is
eing widely promoted as an appropriate intervention to pre-
ent waterborne diseases [1]. High-quality commercial household
ater-puriﬁcation ﬁlters, made with organic membranes, are
lready available in developed nations, but are usually very expen-
ive and not reusable. Porous ﬁred clay or diatomaceous earth
eramic ﬁlters, are relatively inexpensive and reusable [2,3],
nd are very useful to remove natural turbidity and pathogenic
icroorganisms, such as protozoa (ca. 10–50 m)  and bacteria∗ Corresponding author at: Faculty of Pure and Applied Sciences, University of
sukuba, 1-1-1 Tennodai, Tsukuba, Ibaraki 305-8573, Japan. Tel.: +81 29 853 5026;
ax:  +81 29 853 4490.
E-mail address: suzuki@ims.tsukuba.ac.jp (Y. Suzuki).
eer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
187-0764 © 2013 The Ceramic Society of Japan and the Korean Ceramic Society.
roduction and hosting by Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jascer.2013.05.004ca. 1–10 m).  Speciﬁcally. Cryptosporidium (∼5 m),  which causes
arasitic disease and is resistant to chlorine sterilization, can be
hus ﬁltered, or even also by rapid sand ﬁltration [4].
Suzuki et al. [5–7] and Seshadri et al. [8] have developed uni-
ormly porous ceramics with 3-D network structure (UPC-3D)
y using reactive sintering techniques with diphasic materials.
hese porous ceramics (e.g., CaZrO /MgO and CaZrO /MgAl OFig. 1. Schematic illustration of experimental procedure.
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t might be also applicable for water ﬁltration, and some prelimi-
ary tests were conducted.
Recently, we have focused on porous ceramics with ortho-
hombic pseudobrookite-type structure (e.g., MgTi2O5 [9–12]),
hich have relatively low bulk thermal expansion coefﬁcients
mong oxides [13], attributable to microcracks which are formed
y the anisotropic crystal structure. A particular pseudobrookite-
ype oxide, aluminum titanate (Al2TiO5, AT) has been most
requently studied as an excellent thermal shock resistant mate-
ial [13–16]. Owing to this unique property, we made a hypothesis
hat porous AT ceramics are applicable for point-of-use water-
uriﬁcation ﬁlters. Due to their excellent thermal shock resistance,
ltered combustible particles can be easily burnt away without
T
p
T
ig. 2. XRD patterns of the products sintered at (a) 1300 ◦C and (b) 1350 ◦C. Cmcm notatio
an be from ZrO2 (ss) ball-milling media).ic Societies 1 (2013) 178–183 179
hermal shock damage to the ceramic allowing multiple long-term
euse.
Herein we synthesized uniform, narrow pore-size porous
l2TiO5 by reactive sintering. The inﬂuence of different start-
ng powders is discussed, along with preliminary water ﬁltration
ests.
. ExperimentalCommercially available -Al2O3 powder (99.99% purity, TM-D;
aimei Chemical Co. Ltd., Saitama, Japan), -Al2O3 powder (99.9%
urity; Kojundo Chemical Laboratory Co. Ltd., Saitama, Japan),
iO2 anatase powder (99.9% purity; Kojundo Chemical Laboratory
n (ICDD-JCPDS 26-0040) was used for indexing Al2TiO5 phase (small peak at ∼30◦
180 T. Hono et al. / Journal of Asian Ceramic Societies 1 (2013) 178–183
Table 1
Combinations of starting powders.
-Al2O3 -Al2O3
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aTiO2(anatase) -a -a
TiO2(rutile) -r -r
o. Ltd.), and TiO2 rutile powder (99.9% purity; Kojundo Chemi-
al Laboratory Co. Ltd.) were used as the starting materials. Four
ombinations of starting powders (abbreviations) are as listed in
able 1.
Fig. 1 shows a schematic illustration of experimental proce-
ure. Al2O3 and TiO2 powders (Al:Ti = 2:1 in mole fraction) were
et ball-milled in ethanol for 2 h in a planetary ball-mill (accel-
ration: 4g). The mixed slurry was dried and sieved through a
50-mesh screen. To obtain bulk porous Al2TiO5, the mixed pow-
er was mold-pressed at 11.3 MPa; green pellets of ∼1 g with no
inder, ∼15 mm in diameter and ∼3 mm in thickness, were sintered
t 1300–1500 ◦C for 2 h in air.
The bulk density of sintered pellets was measured by volume.
he constituent phases of the bulk materials were analyzed by
owder X-ray diffractometry (Multiﬂex, Cu-K, 40 kV and 40 mA,
RD; RIGAKU, Japan). The microstructure of porous Al2TiO5 was
haracterized using scanning electron microscopy (SEM, TM3000
able microscope; HITACHI, Japan). The pore-size distribution
as determined by the mercury porosimetry (PoreMaster-60-GT;
uantachrome, Kawasaki, Japan). The bulk thermal expansion was
valuated by thermomechanical analysis (Thermo plus EVO II,
IGAKU, Japan). The fracture strength was measured by three-point
ending test (AG-I 20 kNT; SHIMADZU, Japan), on samples with
he dimension of 3 mm × 4 mm × 40 mm with span of 30 mm and
rosshead speed of 0.5 mm/min  (JIS R1601).. Results and discussion
At ﬁrst, to examine the initial stage of the in situ reaction,
l2O3 + TiO2 = Al2TiO5, XRD measurements were carried out for the
d
p
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t
Fig. 4. SEM images of the products sintered at Fig. 3. Bulk density of the sintered pellets from 4 different mixed powders.
amples sintered at 1300 and 1350 ◦C. Fig. 2 shows XRD patterns of
he products sintered at (a) 1300 ◦C and (b) 1350 ◦C. At 1300 ◦C,
imited formation of Al2TiO5 phase was observed. At 1350 ◦C,
emarkable peaks of Al2TiO5 phase were observed for all sam-
les. Remnant peaks of Al2O3 and TiO2 in -a and -r samples are
omewhat stronger than those in -a and -r samples. The results
how that (i) the Al2TiO5 phase started to form at ∼1300 ◦C; (ii)
he -Al2O3 powder used in this study was  more reactive than -
l2O3 powder. Although some Al2O3 and TiO2 phases remained,
he reaction sintering process was effective for obtaining Al2TiO5
t ≥1350 ◦C.
Fig. 3 shows the bulk density of sintered pellets from the 4
ifferent mixed powders. Density is plotted against sintering tem-
erature. Notice that the theoretical densities of -Al2O3, TiO2
utile and Al2TiO5 phases are 3.99, 4.25 and 3.70 g/cm3, respec-
ively. As for the sintered samples from -Al2O3 starting powders
1350 ◦C from 4 different mixed powders.
 Ceramic Societies 1 (2013) 178–183 181
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Fig. 5. XRD patterns of the products made from the -Al2O3-TiO2(rutile) (-r) mixed
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-a and -r), the density decreased up to 1450 ◦C, and then
ncreased at 1500 ◦C. As is explained in Fig. 2, the samples sintered
t 1300 ◦C were substantially -Al2O3/TiO2 rutile composites with
ome Al2TiO5. The density decrease therefore is coincident with the
ormation of Al2TiO5 (with lower density), and the density increase
t 1500 ◦C is attributed to usual densiﬁcation. For -a and -r, the
ensity decreased up to 1350 ◦C (viz., Al2TiO5 formation), and then
ncreased up to 1500 ◦C (progress of sintering).
Fig. 4 demonstrates SEM images of the products sintered at
350 ◦C from 4 different mixed powders. Samples from -a and -r
ere relatively dense and are seen with some cracks. The -Al2O3
owder used in this study, TM-D grade of Taimei Chemical Co. Ltd.,
s well-known as an easily sinterable powder. So, before the com-
letion of Al2TiO5 formation, -Al2O3/TiO2 rutile composite was
ubstantially densiﬁed at a relatively low temperature (∼1350 ◦C),
nd the formation of Al2TiO5 grains (with lower density) induced
he volume expansion coincident with the crack formation. In con-
rast, specimens from the -Al2O3 powders, (-a and -r) had
ell-developed 3-D open-porous network. Typical elongated and
rregular Al2TiO5 grains (2–3 m)  were observed. The porous struc-
ure coincided with the earlier formation of Al2TiO5 phase before
he densiﬁcation.
Among the 4 different starting mixed powders used in this
tudy, -Al2O3-TiO2(rutile) (-r) seemed to be the most favor-
ble for a ﬁlter material, due to its homogeneous and open-porous
icrostructure (Fig. 4). Thus, effect of sintering temperature
as further evaluated for -r samples. Figs. 5 and 6 show XRD
atterns and SEM images of the products made from the -Al2O3-
iO2(rutile) (-r) mixed powder sintered at different temperatures,
espectively. In the case of samples sintered at 1350 ◦C or more,
he constituent phases were almost unchanged, i.e., Al2TiO5 (major
hase) with some unreacted Al2O3 and TiO2. With increasing sin-
ering temperature, the microstructure changed as (i) relatively
omogeneous Al2O3/TiO2 porous composite (at 1300 ◦C), (ii) rela-
ively homogeneous porous Al2TiO5 with some defects (at 1350 ◦C),
iii) partially densiﬁed Al2TiO5 (at 1400–1450 ◦C), and (iv) almost
ense Al2TiO5 with anisotropic grains and large microcracks (at
500 ◦C). As supported by the apparent microstructure develop-
ent, the fracture strength of -r samples was the highest for the
ample sintered at 1300 ◦C and the lowest for the sample sintered
t 1500 ◦C (Fig. 7). Notably, the fracture strength of ∼10 MPa  is
ufﬁcient for the practical use as a ﬁlter material.
t
s
h
Fig. 6. SEM images of the products made from the -Al2O3-TiO2(ruowder sintered at different temperatures. Cmcm notation (ICDD-JCPDS 26-0040)
as used for indexing Al2TiO5 phase.
Fig. 8 shows mercury porosimetry distributions of some
elected samples. In good agreement with the SEM observation, the
-r sample sintered at 1350 ◦C had narrow pore-size distribution at
.8 m with porosity of 39%. The -r sample sintered at 1500 ◦C had
omewhat average larger pore size of 1.8 m (due to the coalesce of
ores) with less porosity of 12%. The -r sample sintered at 1350 ◦C
ad broader pore-size distribution with insufﬁcient porosity. The
-a sample sintered at 1350 ◦C had similar pore-size distribution
ith the -r sample sintered at 1350 ◦C, but its porosity was  only
9%. The -r sample sintered at 1350 ◦C will be the best choice in
his study for water puriﬁcation (viz., to remove the micrometer-
ized natural turbidity and pathogenic microorganisms).
To meet our objective in this study, the porous ﬁlter should
ave low thermal expansion nature for repeated burning-out
tile) (-r) mixed powder sintered at different temperatures.
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Table 2
Thermal expansion of the sample from -r sintered at 1350 ◦C.
Temperature (◦C) Expansion (L/L) CTE × 107 (1/K)
050 −0.000 −1.46
100 −0.008 −9.60
150 −0.016 −12.20
200 −0.020 −11.36
250 −0.028 −12.13
300 −0.034 −12.08
350 −0.039 −11.96
400 −0.043 −11.32
450 −0.045 −10.55
500 −0.044 −9.28
550 −0.044 −8.40
600 −0.044 −7.58
650 −0.041 −6.53
700 −0.037 −5.43
750 −0.031 −4.29
800 −0.024 −3.03
850 −0.018 −2.21
900 −0.010 −1.18
B
c
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Sig. 7. Three point bending strength of the products made from the -Al2O3-
iO2(rutile) (-r) mixed powder sintered at different temperatures.
rocess to remove the ﬁltered organics. In order to verify the
otential of porous Al2TiO5 in this study, linear thermal expansion
f the bulk porous Al2TiO5 (the -r sample sintered at 1350 ◦C) was
easured. Table 2 summarizes the result of the thermal expansion
est. Although the -r sample sintered at 1350 ◦C contained some
nreacted Al2O3 and TiO2, coefﬁcient of thermal expansion (CTE)
as very small as an oxide, and comparable to reported bulk poly-
rystalline Al2TiO5, typically |CTE25–1000 ◦C| = ∼1 × 10−6 (1/K) [16].
Preliminary water-puriﬁcation tests were conducted to demon-
trate its potential for water puriﬁcation (Fig. 9). As a test case, a
T
t
d
p
Fig. 8. Pore-size distributions o950 −0.006 −0.70
ase temperature: 21 ◦C.
olloidal solution of carbon ink with particle sizes of 0.05–0.25 m
as used with a sintered pellet (the -r sample sintered at 1350 ◦C,
.3 mm in thickness); transparent liquid was  successfully obtained.
ubsequently, ﬁltered carbon can be easily burned out at ∼1000 ◦C.
he calcined ﬁlter retained the same ﬁltration ability as the ﬁrst ﬁl-
ration (Figure S1). At this moment, this preliminary ﬁltration test
emonstrates the potential of in situ porous Al2TiO5 as a water-
uriﬁcation ﬁlter. Further optimization is going on.
f some selected samples.
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1134–1138 (2012).Fig. 9. Preliminary water-puriﬁcation te
Supplementary material related to this article found, in the
nline version, at doi:10.1016/j.jascer.2013.05.004.
. Conclusions
In this study, we have prepared porous Al2TiO5 by the
eactive sintering from 4 different mixed powders, viz., -
l2O3-TiO2(anatase), -Al2O3-TiO2(rutile), -Al2O3-TiO2 (anatase)
nd -Al2O3-TiO2(rutile). The sample sintered from -Al2O3-
iO2(rutile) at 1350 ◦C showed well-balanced properties: narrow
ore-size distribution at 0.8 m,  moderate fracture strength, and
ow thermal expansion nature. The porous Al2TiO5 ﬁltered colloidal
arbon particles in an aqueous suspension and it can be recycled,
hich demonstrates the potential of this material as a household
ater-puriﬁcation ﬁlter.
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